We present the analysis of XMM-Newton and Swift optical-UV and X-ray observations of the Seyfert-1/QSO Mrk 509, part of an unprecedented multi-wavelength campaign, investigating the nuclear environment of this AGN. The XMM-Newton data are from a series of 10 observations of about 60 ks each, spaced from each other by about 4 days, taken in Oct-Nov 2009. During our campaign, Mrk 509 was also observed with Swift for a period of about 100 days, monitoring the behaviour of the source before and after the XMM-Newton observations. With these data we have established the continuum spectrum in the optical-UV and X-ray bands and investigated its variability on the timescale of our campaign with a resolution time of a few days. In order to measure and model the continuum as far as possible into the UV, we also made use of Hubble Space Telescope (HST) Cosmic Origin Spectrograph (COS) observations of Mrk 509 (part of our coordinated campaign) and of an archival Far Ultraviolet Spectroscopic Explorer (FUSE) observation. We have found that in addition to an X-ray power-law, the spectrum displays soft X-ray excess emission below 2 keV, which interestingly varies in association with the thermal optical-UV emission from the accretion disc. The change in the X-ray power-law component flux (albeit smaller than that of the soft excess), on the other hand, is uncorrelated to the flux variability of the soft X-ray excess and the disc component on the probed timescale. The results of our simultaneous broad-band spectral and timing analysis suggest that, on a resolution time of a few days, the soft X-ray excess of Mrk 509 is produced by the Comptonisation of the thermal optical-UV photons from the accretion disc by a warm (0.2 keV) optically thick (τ ∼ 17) corona surrounding the inner regions of the disc. This makes Mrk 509, with a black hole mass of about 1-3 ×10 8 M ⊙ , the highest mass known system to display such behaviour and origin for the soft X-ray excess.
Introduction
Variability studies of Active Galactic Nuclei (AGN) over the last few decades have been essential in developing our understanding of the physical structure of emitting regions in the vicinity of the central engine. The huge amount of energy radiated away is explained by the current paradigm of accretion of material onto a supermassive black hole (SMBH). The emitting regions in the vicinity of the SMBH are too small to be resolved with current telescopes and therefore clues to the processes going on in the central regions come from analysis of their flux and spectral variability. Multi-wavelength monitoring of the AGN variability is a most effective way to investigate complex phenomena such as the accretion onto a SMBH and provides diagnostics of the processes in the nuclear environment of AGN.
The most prominent feature of AGN Spectral Energy Distributions (SEDs) is the so-called 'big-blue-bump' peaking in the extreme UV, which was first attributed to thermal emission from the accretion disc by Shields (1978) ; it is thought that higher energy photons (UV) originate from small radii in the disc where the temperature is higher, while optical photons are produced further out. The first X-ray spectrum of a Seyfert-1 galaxy, which established the power-law shape of the X-ray continuum, was obtained for NGC 4151, using the proportional counter onboard the Ariel-V satellite, by Ives et al. (1976) . The power-law component in the X-ray spectra of AGN is generally believed to be the result of Compton up-scattering of optical-UV photons from the disc by energetic electrons in a hot corona surrounding it. Apart from the power-law, the X-ray continuum often comprises another component, the soft X-ray excess, which was first discovered in the spectrum of Mrk 509 by Singh et al. (1985) using data from the first mission of High Energy Astronomy Observatories (HEAO-1). Shortly afterwards, the presence of a soft excess was also reported in another Seyfert-1 galaxy, Mrk 841, by Arnaud et al. (1985) using European X-ray Observatory Satellite (EXOSAT) observations. Since then, the soft excess has been observed in the X-ray spectra of the majority of AGN and its origin remains an area of active research to this date. Different interpretations for the nature of the soft X-ray excess can be found in the literature such as: (1) the high energy tail of the thermal emission from the accretion disc (e.g. Arnaud et al. 1985 , Pounds et al. 1986 ); (2) an artefact of strong, relativistically smeared, partially ionized absorption in a wind from the inner disc (e.g. Gierliński & Done 2004) ; (3) part of the relativistically blurred photoionised disc reflection spectrum modelled by Ross & Fabian (2005) (e.g. Crummy et al. 2006) ; (4) 'warm' Comptonisation: up-scattering of seed disc photons in a Comptonising medium which has lower temperature and higher optical depth than the corona responsible for the X-ray power-law emission (e.g. the study by Magdziarz et al. 1998 of the Seyfert-1 NGC 5548; the analyses by Middleton et al. 2009 and Jin et al. 2009 of two Narrow Line Seyfert-1s (NLS1s): RE J1034+396 and RX J0136.9-3510).
Past multi-wavelength monitoring campaigns of Seyfert-1 galaxies have shown striking similarities in the optical-UV and X-ray variability, suggesting a strong link between the emission in these energy ranges, such as that provided by inverse Comptonisation. Walter & Fink (1993) studied the soft X-ray (0.1-2.4 keV) spectra of 58 Seyfert-1 AGN, including Mrk 509, using ROSAT observations. They reported presence of a soft Xray excess above the extrapolation of the hard X-ray power-law in 90% of the sources. They also found that the soft X-ray excess is well correlated to the strength of the big-blue-bump observed with the International Ultraviolet Explorer (IUE) in the UV band. They concluded that the big-blue-bump is an ultraviolet to soft X-ray feature, which has a similar shape in all Seyfert-1 galaxies of their sample. From an intensive multi-instrument campaign of NGC 4151, Edelson et al. (1996) found that optical-UV and 1-2 keV X-ray fluxes varied together on timescale of days, with the X-ray flux varying with much larger amplitude than the optical-UV; the phase difference between UV and 1-2 keV X-ray was consistent with zero lag, with an upper limit of 0.3 days. Marshall et al. (1997) measured the spectrum and lightcurve of NGC 5548 over a period of 2 months using the Extreme Ultraviolet Explorer (EUVE) when the galaxy was also monitored with HST. They found the optical-UV and EUV variations to be simultaneous with the amplitude in the EUV twice that in the UV. Also the shape of the EUVE spectrum was consistent with a gradual decreasing of flux from the UV through to the soft X-ray with no emission lines detected in the EUV band. Furthermore, from a monitoring study of Mrk 509 using Rossi X-ray Timing Explorer (RXTE) and ground-based optical observations, Marshall et al. (2008) report a strong correlation between variability of the optical and hard X-ray emission on timescale of a few years, with optical variations leading the hard X-rays by about 15 days.
The work presented here is part of a large multi-wavelength campaign studying the nearby Seyfert-1/QSO Mrk 509. This AGN has a cosmological redshift of 0.034397 (Huchra et al. 1993) corresponding to a luminosity distance of 145 Mpc (taking H 0 = 73 km s −1 Mpc −1 , Ω Λ = 0.73 and Ω m = 0.27). The details of our multi-wavelength campaign are presented in Kaastra et al. (2011) . As part of this campaign, Swift monitoring was carried out before and after a series of observations by XMM-Newton and the International Gamma-Ray Astrophysics Laboratory (INTEGRAL). One of the aims of this campaign is determining the location and structure of the multi-phase warm absorber outflows in Mrk 509, which is done by monitoring the response of the warm absorber to intrinsic source variability using high resolution spectra from the Reflection Grating Spectrometer (RGS) onboard XMM-Newton. In this work we focus particularly on the optical-UV and X-ray source variability of Mrk 509 using data from the XMM-Newton Optical Monitor (OM) and the European Photon Imaging Camera (EPIC-pn). Our goal in this paper is to try and explain the intrinsic multiwavelength variability of Mrk 509 and its relation to the soft X-ray excess in terms of physical changes in the accretion disc and corona.
The structure of this paper is as follows. In Section 2 we describe the observations and data reduction, Sect. 3 focuses on the photometric and spectroscopic corrections applied to the data in order to establish the continuum; the spectral modelling is described in detail in Sects. 4 and 5; we discuss our findings in Sect. 6 and give concluding remarks in Sect. 7.
Observations and data analysis
Some details of the XMM-Newton's OM and EPIC-pn observations and of the Swift's UV/Optical Telescope (UVOT) and XRay Telescope (XRT) observations are shown in Table 1 .
OM and UVOT broad-band filters data
The OM and UVOT data from Image-mode operations were taken with six broad-band filters: V, B, U, UVW1, UVM2 and UVW2. The OM Image mode data were processed with the SAS v9.0 omichain pipeline. We performed aperture photometry on each image in a fully interactive way using the omsource program. We selected the source and background regions to extract the count rates, and applied all the necessary corrections, i.e. for the point spread function (PSF) and coincidence losses, including time-dependent sensitivity (TDS) corrections. The OM count rates were extracted from a circle of 12 pixels radius (5.8 ′′ ) centred on the source nucleus. The background was extracted from a source-free region of the same radius. Similarly, for the UVOT, we used the uvotsource tool to perform photometry using the recommended circular aperture radius of 10 pixels (5.0 ′′ ) and applying the standard instrumental corrections and calibration according to Poole et al. (2008) . For the purpose of spectral fitting with the spex code (Kaastra et al. 1996) version 2.01.05 1 , we used the filter count rates and the corresponding response matrices, which were constructed using the effective area of the instruments for each of the filters. To calculate the flux density at the filter effective wavelength from the count rate, we used the conversion factors given in Talavera & OMCal Team (2008) and Poole et al. (2008) for the OM and the UVOT respectively. Note that these conversion factors have been obtained from observations of standard stars with known spectral shape; therefore the flux of Mrk 509 needs to be corrected for the presence of strong AGN emission lines in the filter bandpasses. We have thus taken into account the contribution to each filter bandpass of all significant emission lines and of the small-blue-bump (see Sect. 3.3 for the OM grism modelling) so that the flux at the effective wavelength of the filter corresponds only to the intrinsic continuum emission.
Next, in order to account for the difference in the calibration of the OM and UVOT instruments, we performed the following to normalise the UVOT fluxes against the OM for each filter. As shown in Table 1 , we have 10 OM observations with exposures in each of the 6 filters. We thus obtained 10 SEDs with 6 optical-UV data points (see Fig. 1 ) for the source, after implementing all the corrections described in Sect. 3. We then performed a cubic spline interpolation between the data points for each SED and thus obtained a flux versus wavelength relation for each OM observation. During the monitoring campaign there were two occasions when the OM and UVOT observations overlapped (or were very close to overlap). They correspond to OM Obs. 1 and UVOT Obs. 10 (filter M2), and OM Obs. 10 and UVOT Obs. 12 (filter W1). Using the OM SEDs of Obs. 1 and Obs. 10, we calculated the expected OM flux at the effective wavelengths of the UVOT M2 and W1 filters. Then by taking the ratio of the OM and UVOT fluxes, normalisation factors for the M2 and W1 filters of OM and UVOT were obtained. In order to calculate the normalisation factor for the other filters we made use of UVOT Obs. 2 in which all 6 filters were used. By knowing the average shape of the SED over the duration of the 10 OM observations (see Fig. 1 ) we can scale the SED according to the normalised M2 and W1 fluxes of UVOT Obs. 2. These two SEDs can then be used to give us the normalisation factors of the remaining filters assuming the shape of the average OM SED remains the same over the observations. We find that at the same wavelengths, the OM fluxes are generally larger than the UVOT ones by about 10% due to calibration differences. The time averaged SED also provides us with a template that can be used to calculate the flux at any particular wavelength for those UVOT observations missing exposures with some of the filters, by knowing only the flux in one of the filters. This assumes that the shape of the average OM SED is a good representation of the source and did not change during the Swift observations, which are before and after the 37-day time span of the OM observations. So finally, the lightcurves in Fig. 2 show how the OM and UVOT continuum fluxes measured at the same wavelengths (effective wavelength of the OM filters, shown above each panel in Fig. 2 ) varied over the combined 100 days duration of the XMM-Newton and Swift observations. 
OM optical grism data
The images from the OM optical grism, effectively a gratingprism combination, were first processed with the SAS v9.0 omgchain pipeline (for an overview of the OM instrument see Mason et al. 2001) . All the necessary corrections, including that for Modulo-8 fixed pattern noise and removal of scattered light features, were applied to obtain undistorted and rotated grism images. We then used the omgsource program to interactively identify the zero and first dispersion order spectra of our source, to properly define the source and background extraction regions and extract the calibrated spectrum from the grism images of each observation. The flux calibration by default is performed between 3000 and 6000 Å for the optical grism in the SAS software. However, because we do detect the Hα λ6563 emission line right at the long wavelength end of the first order spectrum, we extended the flux calibration to around 7000 Å in order to include this emission line in our spectra. We used multiple OM spectra of the standard stars GD153 and HZ2 to extend the calibration by normalising them to HST spectra taken from the calspec 2 database. We find the contamination from the second order spectrum (which overlaps the first order one at the location of 2 http://www.stsci.edu/hst/observatory/cdbs/calspec.html the Hα in the image) to be negligible compared with the strong emission from the line.
HST/COS and archival FUSE data
In order to measure the continuum as far possible into the UV band (up to the Galactic Lyman limit), we used HST/COS and FUSE spectra of Mrk 509. The COS observations, part of our coordinated Mrk 509 campaign, were taken on 10 and 11 December 2009 over 10 HST orbits. The archival FUSE spectrum of Mrk 509 is from 15 October 2000. Since both COS and FUSE share a common wavelength band from about 1165 to 1185 Å, the archival FUSE spectrum was easily scaled to the flux level at the time of the COS observations, assuming the continuum shape in the FUSE band did not vary. The data reduction procedures and the full analysis of the COS spectra are reported in Kriss et al. (2011) . In this paper for our modelling we use measurements of the UV continuum (corrected for Galactic extinction) from narrow spectral bands, which are free of emission and absorption lines (see Table 2 ). The COS data processing pipeline uses a sensitivity function and the FUSE pipeline uses effective area curves to produce flux-calibrated spectra. Therefore for the purpose of fitting the UV spectra and the optical filter data together within the spex package, we had to convert the UV fluxes back to counts per second by changing to photon units and then multiplying by the effective area integrated over the narrow bandpasses given in Table 2 . The COS observations were made close in time to the UVOT Obs. 18, and since UVOT Obs. 18 is close in flux level to that of OM Obs. 2, we included the COS and the FUSE data when modelling the XMM-Newton Obs. 2 data. For all other XMM-Newton observations, we scaled the COS and FUSE data based on the flux level observed in the OM optical-UV filters.
EPIC-pn and XRT spectra
The EPIC-pn data were reduced, starting from the ODF files, using the standard SAS v9.0 software. During the XMM-Newton monitoring, the EPIC-pn camera was operating in the SmallWindow mode with the thin-filter applied. We only selected events with FLAG == 0 and #XMMEA EP attributes and screened for increased activity of background particles. During the campaign no strong soft proton flares have been detected. The cleaned EPIC-pn exposure of each XMM-Newton observation is about 60 ks. Nevertheless, the EPIC-pn camera, when operat- ing in the Small-Window mode, is only active for about 70% of the time. Thus the final cleaned exposure time of each EPICpn spectrum is about 40 ks (see Table 1 ). The spectra were extracted from a circular region of 40 ′′ radius centred on the source. The background was extracted from a nearby sourcefree region of the same size on the same chip. The EPIC-pn data showed no evidence of significant pile-up, thus single and double events were selected. Response matrices were generated for each source spectrum using the SAS tasks arfgen and rmfgen. More details on the data reduction and analysis of the EPIC data are presented in Ponti et al. (in prep.) . For the XRT data reduction, we used the online Swift-XRT data products generator facility with the default settings (details given in Evans et al. 2009 ) to produce the X-ray spectra.
Intrinsic continuum emission
In order to establish the intrinsic continuum emission of Mrk 509, we applied photometric and spectroscopic corrections to our data to take into account the processes which take place in our line of sight towards the central engine. Sects. 3.1, 3.2 and 3.3 are applicable to the optical-UV (OM and UVOT), and Sects. 3.4 and 3.5 to the X-ray (EPIC-pn and XRT). In the latter case the presence of Galactic and AGN warm absorption is taken into account during the fitting process.
Galactic interstellar dereddening
To correct the OM and UVOT optical-UV fluxes for interstellar reddening in our Galaxy we used the reddening curve of Cardelli et al. (1989) , including the update for near-UV given by O'Donnell (1994) . The colour excess E(B − V) = 0.057 mag is based on calculations of Schlegel et al. (1998) as shown in the NASA/IPAC Extragalactic Database (NED). The scalar specifying the ratio of total selective extinction R V ≡ A V /E(B − V) was fixed at 3.1.
Host galaxy stellar emission
To correct for the host galaxy starlight contribution in the OM and UVOT fields we have used the results of Bentz et al. (2009) and Kinney et al. (1996) . Bentz et al. (2009) have determined the host galaxy observed flux at the rest-frame wavelength of 5100 Å (F gal, 5100 Å ) for a sample of AGN using HST images. For Mrk 509, F gal, 5100 Å = (2.52 ± 0.23) 10 −15 erg s −1 cm −2 Å −1 for an aperture of 5.0 ′′ × 7.6 ′′ . In order to calculate the host galaxy spectrum in the optical band, we used a model spectrum and scaled it based on the F gal, 5100 Å value. Since the OM and UVOT apertures are taking in only the galaxy's innermost few kpc, the galaxy bulge template of Kinney et al. (1996) was used. Figure 3 shows the host bulge model spectrum in the optical band, which becomes gradually negligible going towards the UV. Kotilainen & Ward (1994) have also measured the nuclear stellar flux contribution using different broad-band filters in a 6 ′′ diameter circular aperture for a sample of galaxies. They have done this by subtracting the AGN contribution using profile fitting. The nuclear stellar flux of Mrk 509 for the standard B and V filters are shown in Fig. 3 , which are consistent with the host bulge model spectrum.
Correction for emission from the Broad Line Region (BLR) and Narrow Line Region (NLR)
For each of the 10 XMM-Newton observations we have a 5 ks OM optical grism exposure with which we can model emission from the BLR and NLR. Figure 4 shows the mean optical grism spectrum of the observations and our model. The accretion disc blackbody model spectrum (used in Sect. 4.2 and shown for e.g. in Fig. 9 ) has a power-law shape in the optical band. Thus, to model the underlying optical continuum (3000-7000 Å) in the OM grism spectra we used a simple power-law rather than disc blackbody model, which requires a wider energy band to be fitted properly. Our main purpose in fitting the OM grism is modelling the emission features and therefore a simple continuum model is preferred (see Sect. 4.2 for the modelling of the optical-UV continuum with the OM image data). As shown in Fig. 4 there is excess emission below about 4000 Å which is likely to be the long-wavelength end of the 'small-blue-bump' feature, a blend of Balmer continuum and Fe ii line emission. Note that the low-level sinusoidal pattern below 3900 Å in Fig.  4 is an instrumental effect (residual of the Modulo-8 fixed pattern noise; Mason et al. 2001) , although the overall average flux level is correct. The spectral shape of the small-blue-bump is strongly blended and thus this complex feature was modelled with a cubic spline with linear spacing between 3000 and 4000 Å (in the observed frame) with 10 grid points. We modelled the broad and narrow emission lines using Gaussian line profiles. The best-fit parameters of the emission features are shown in Table 3 . Then, having obtained a best-fit model for the mean spectrum we applied it to the individual observations and subsequently fitted them. This enables us to look for any changes in the emission lines during the XMM-Newton campaign (∼ 37 days) and see how they compare with the continuum variability. We do not detect any statistically significant variation in the lines like we observe for the continuum (see Fig. 2 ). This is consistent with the results of the monitoring program of Mrk 509 by Carone et al. (1996) who found the Hβ λ4861 and He ii λ4686 emission lines to respond to continuum variations with time lags of about 80 and 60 days respectively, considerably longer than the emission line lags measured for other Seyfert galaxies and also longer than the duration of the XMM-Newton campaign. Finally, we proceeded to correct the OM and UVOT filter data (described in Sect. 2.1) for the emission feature contributions in the different filter bands. The spectrum is obtained from the HST measurement at rest wavelength of 5100 Å given in Bentz et al. (2009) and using the bulge model template of Kinney et al. (1996) to calculate the flux at other wavelengths. The two data points (green crosses) superimposed on the spectrum are the nuclear stellar flux for the standard B and V filters measured by Kotilainen & Ward (1994) ; the horizontal bars represent the filter bandpasses. 
Galactic interstellar X-ray absorption correction
In our modelling of the X-ray spectra the effects of the Galactic neutral absorption were included by applying the HOT model (collisional ionisation equilibrium) in spex. Assuming Lodders (2003) abundances, the Galactic H i column density in our line of sight was fixed to N H = 4.44 × 10 20 cm −2 (Murphy et al. 1996 ) and the gas temperature to 0.5 eV to mimic a neutral gas.
Warm absorber correction
In order to perform a multi-wavelength intrinsic variability study one also needs to determine the X-ray continuum before absorption by the AGN warm absorber. To this end, we used the spex XABS photoionised absorption model with the parameters of Detmers et al. (2011) derived for the stacked 600 ks RGS spectrum gathered during the 2009 campaign. Note that the correction for absorption by the warm absorber is too small to account for the observed X-ray variability. The warm absorption correction is less than 6% of the X-ray photon flux in all the observations, whereas from Obs. 1 to Obs. 5 the photon flux increases by about 45%.
Independent modelling of the optical-UV and X-ray continua
In this section we describe the models used to fit the optical-UV (OM) and X-ray spectra (EPIC-pn) of Mrk 509 separately. In Sect. 5 we perform simultaneous broad-band fits with our final model. Note that all the photometric and spectroscopic corrections described in the previous section, and the cosmological redshift have been taken into account here. All the fitted parameter errors quoted in this paper correspond to a ∆χ 2 of 1. Parameters of the models given in the tables correspond to the source reference frame, whereas all the figures in this paper are displayed in the observed frame.
The X-ray continuum and Fe Kα line
The EPIC-pn spectra of Obs. 1 and Obs. 5 are shown together in Fig. 5 to display the extremes of the X-ray variability observed in Mrk 509 during the XMM-Newton campaign. We began our spectral modelling by fitting the EPIC-pn 0.3-10 keV X-ray continuum and the Fe Kα line at ∼ 6.4 keV of Obs. 1 with a simple power-law (POW in spex) and a Gaussian line profile (GAUS in spex) including the absorption models described in Sects. 3.4 and 3.5. We found that a single power-law cannot fit the continuum well between 0.3-10 keV because of the presence of a soft excess below about 2 keV. For a single power-law fit over 0.3-10 keV a Γ of 2.27 and a χ 2 ν of 7.9 (1788 d.o.f.) are obtained, whereas for a fit between 2.5-10 keV we find Γ = 1.79 and χ 2 ν = 1.01 (1353 d.o.f.). Figure 6 shows the 2.5-10.0 keV EPIC-pn fit for Obs. 1, extrapolated to lower energies, clearly displaying the presence of a steeper continuum below about 2 keV.
We then fitted the 0.3-10 keV continuum of Obs. 1 by adding a second power-law component to model the soft excess, which resulted in a best-fit with χ . EPIC-pn spectra of Obs. 1 (magenta) and Obs. 5 (blue) binned to a minimum of 100 counts per bin. The spectrum of Obs. 5 has a higher flux than that of Obs. 1 at low energies. Table 4 . Best-fit parameters of the X-ray continuum, obtained with a two power-law model for the EPIC-pn spectra of each observation as described in Sect. 4.1. 2.75 for the soft X-ray component and Γ = 1.46 for the hard one. Figure 7 shows the two power-law best-fit to the data of Obs. 1. We then applied this model to the spectra of all 10 EPICpn observations. Table 4 shows the best-fit parameters for the two power-law model for each observation. The subject of this paper is the broad-band modelling of the Mrk 509 continuum, so we have modelled the Fe Kα line using a simple Gaussian profile which gives a good fit. We omit reporting parameters of this line because they are not relevant to the main thrust of this work, and instead refer the reader to another paper reporting our campaign (Ponti et al. in prep.) , which is completely dedicated to the study of the Fe Kα line in Mrk 509; the data from our long campaign make it possible to study the profile and variability of the Fe Kα band in great detail and deserve a separate publication. From previous XMM-Newton and Suzaku observations of Mrk 509 reported by Ponti et al. (2009) , the neutral Fe Kα line does not show signs of relativistic reflection and the ionised part of the line is complex. Furthermore, in another forthcoming paper (Petrucci et al. in prep.) the analysis will include the INTEGRAL data and a reflection model will be applied to fit the Mrk 509 spectra, as higher energy data can constrain the reflection parameters more tightly. Next, we examined the Swift XRT spectra of Mrk 509 to get a measure of the X-ray flux before and after the XMM-Newton campaign. However, one needs to note that the XRT exposures are very short at around 1 ks (see Table 1 ), and also the effective area of the XRT is very much lower than that of EPIC-pn; thus the XRT spectra are of very low quality, and make it impossible to perform any accurate spectral modelling. Therefore, we omit reporting parameters of XRT fits and instead in Fig. 8 we show how the soft X-ray (0.3 keV) and hard X-ray (4 keV) continuum fluxes varied for both XRT and EPIC-pn over the 100 days duration of our campaign.
The optical-UV continuum
Apart from line emission from the BLR and NLR (which has been taken into account in our modelling of the optical continuum of Mrk 509 -see Sect. 3.3), the dominant feature of the optical-UV spectra of AGN is the big-blue-bump: this was first attributed to thermal emission from the accretion disc by Shields (1978) , which has since become the generally agreed paradigm. Annuli of the disc at different radii have different temperatures and therefore the disc spectrum is the weighted sum of different blackbody spectra. To fit the bigblue-bump of Mrk 509, we used the disc blackbody model in spex (DBB) which is based on a geometrically thin, optically thick Shakura-Sunyaev accretion disc (Shakura & Sunyaev 1973) . The radial temperature profile of the accretion disc is given by T (r) = {3GMṀ[1 − (R in /r) 1/2 ]/(8πr 3 σ)} 1/4 where T is the local temperature at radius r in the disc, G the gravitational constant, M the mass of the SMBH,Ṁ the accretion rate, σ the Stefan-Boltzmann constant and R in is the radius at the inner edge of the disc. The flux at frequency ν from the disc seen by an observer at distance d is given by
(e hν/kT (r) − 1) −1 r dr where i is the inclination angle of the disc, R out the radius at the outer edge of the disc, h the Planck constant and c the speed of light (e.g. see Frank et al. 2002) . The parameter R out cannot be constrained by spectral fitting since most of the optical-UV radiation orig- Fig. 9 . The best-fit model derived in Sect. 4 independently for the optical-UV and X-ray bands for each XMM-Newton observation. The absorption-corrected EPIC-pn data are show in green and the black lines are the two power-law model fits to the EPIC-pn including a Gaussian for modelling the Fe Kα line. The red circles represent the OM data and the blue lines are the disc blackbody models. In panel 2, the purple squares are the HST/COS data and the brown diamonds are the scaled FUSE data. The average model obtained from the 10 XMM-Newton observations is shown in each panel (in grey) for reference to show the variability. Table 5 . Best-fit parameters of the optical-UV continuum, obtained from a disc blackbody model fit to the OM data of each observation as described in Sect. 4.2.
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a Maximum temperature in the disc in eV. inates from the inner regions of the disc for a SMBH, thus we fixed R out to 10 3 R in . The fitted parameters of the model are the normalisation A = R 2 in cos i and the maximum temperature of the disc T max , which occurs at r = (49/36)R in . Table 5 shows the best-fit parameters of the disc blackbody model for each XMM-Newton observation. The T max increases from its minimum in Obs. 1 to its maximum in Obs. 5 and then gradually decreases back to the level of Obs. 1 towards the end of the XMM-Newton campaign. The normalisation area of the disc blackbody remains unchanged within errors, which implies that R in and inclination i parameters have not significantly varied. Thus the variability in the disc temperature comes from a change in the accretion rate. Figure 9 shows the OM SED data points and their corresponding disc blackbody best-fit models, and also the EPIC-pn two power-law best-fit models of Sect. 4.1 for all the 10 XMM-Newton observations. So far we have modelled the optical-UV and X-ray data independently of each other; in Sect. 5 we make simultaneous fits to both data sets in order to establish a model that accounts for the broad-band spectrum of Mrk 509 and for its observed variability.
Correlation between optical-UV and X-ray count rates
Figure 8 (blue square data points in the top panel) indicates that the soft X-ray continuum flux of Mrk 509 varied over the 10 XMM-Newton observations in a very similar fashion to the optical-UV continuum (blue square data points in Fig. 2) . In order to explore the link between the optical-UV and X-ray emission in a model-independent way, we looked at the correlation between their count rates. Fig. 10 shows the UV (2120 Å) count rate plotted against the soft X-ray (0.3 keV) count rate for the 10 XMM-Newton observations. In fact this correlation is as strong as the one between the UV and optical count rates (the Pearson correlation coefficient between the count rates in the UV and optical filters is about 0.85, which is statistically significant with probability of no correlation, from the Student's t-test, given by p = 0.002). Furthermore, the correlation between the optical-UV and X-ray count rates becomes smaller as the X-ray energy gets larger; this is shown in Fig. 11 . So the correlation is indeed strongest at those X-ray energies where the soft excess emission is strongest (below ∼ 1 keV), implying a strong link between the Fig. 10 . The UV (2120 Å) count rate from the OM UVW2 filter plotted versus the EPIC-pn soft X-ray (0.3 keV) count rate for the 10 XMM-Newton observations. The bandwidth used for the 0.3 keV bin is 0.02 keV. Fig. 11 . The correlation between the optical/UV count rates from the 6 OM filters and the EPIC-pn X-ray count rate for the 10 XMM-Newton observations at energies from 0.3 keV to 10 keV. Black asterisks: V (5430 Å) filter, black diamonds: B (4500 Å), orange triangles: U (3440 Å), filled green circles: UVW1 (2910 Å), unfilled red circles: UVM2 (2310 Å), blue squares: UVW2 (2120Å). The Pearson correlation coefficients are shown on the left y-axis and the associated null hypothesis probability p (i.e. probability of no correlation) from Student's t-test on the right y-axis. The dashed black line indicates p at 5%, which shows that below ∼ 1 keV the correlation is statistically significant at 95% confidence.
optical-UV and the soft X-ray excess emission. We investigate this further in the next section by applying a broad-band model to all the data.
Broad-band modelling of the continuum using Comptonisation
The results of the previous section suggest that the continua in the optical-UV and soft X-ray bands may be physically related, i.e. they may be the results of an underlying process linking the two. Comptonisation up-scattering the optical-UV photons to X-ray energies could be such a process. Thus we ap- Table 6 . Best-fit parameters of the broad-band warm Comptonisation modelling described in Sect. 5 for each XMM-Newton observation. plied the COMT component in spex to fit the optical-UV and Xray data simultaneously. COMT is based on the Comptonisation model of Titarchuk (1994) , with improved approximations for the parameter β(τ) which characterises the photon distribution over the number of scatterings which the soft photons undergo before escaping the plasma; for more details see the spex manual (Kaastra et al. 2010 ). The seed photons in this component have a Wien law spectrum; we coupled its temperature T seed to the disc temperature T max which was left as a free parameter in the broad-band fitting. The up-scattering Comptonising plasma was chosen to have a disc geometry; its parameters are the temperature T e and the optical depth τ. The COMT component assumes spherical symmetry for the flux calculation. As for our modelling in Sect. 4, all the absorption and emission corrections discussed in Sect. 3, and the cosmological redshift, were implemented in our modelling here. In addition to the Comptonisation component for modelling the optical-UV continuum and the soft X-ray excess, a power-law component and a Gaussian line were also included to model the hard X-ray continuum and the Fe Kα line; the power-law was smoothly broken at low energies before overshooting the optical-UV flux of the disc blackbody and becoming unphysical. In a forthcoming paper on our campaign (Petrucci et al. in prep.), higher energy INTEGRAL data will also be included in the broad-band spectral fitting, and the hard X-ray continuum will be modelled by Comptonisation of the disc photons in a hot corona, instead of using a power-law model as done here. In this paper, however, we focus on the direct relation between the disc blackbody emission and the soft X-ray excess and we prefer to use an adequate but simpler representation of the higher energy part of the spectrum. Table 6 shows the best-fit parameters of our broad-band model for each XMM-Newton observation. Figure 12 shows the broad-band Comptonisation model for XMM-Newton Obs. 2, displaying individual components contributing to the total model spectrum. Figure 13 shows luminosity of the X-ray power-law (top panel) and luminosity of the Comptonisation component (bottom panel) plotted versus the Fig. 12 . Best-fit broad-band model for XMM-Newton Obs. 2 as described in Sect. 5. The red circles represent the OM data, the purple squares the HST/COS data, the brown diamonds are the scaled FUSE data and in green are the absorption-corrected EPIC-pn data. The grey line is the disc blackbody component, the dashed magenta is the warm Comptonisation component and the olive colour line represents the broken power-law and includes a Gaussian for modelling the Fe Kα line. The black line is the total model spectrum. disc blackbody bolometric luminosity for the 10 XMM-Newton observations. Interestingly, there is a strong linear correlation between the soft excess modelled by warm Comptonisation and the disc emission, whereas there is no such obvious correlation between the power-law and the disc emission.
Discussion

Broad-band continuum variability of Mrk 509
Optical-UV continuum lightcurves of Mrk 509 (Fig. 2) display very similar variability in the 6 filters during the 100 days total duration of the Swift and XMM-Newton campaigns. Specifically, during the 10 XMM-Newton observations, the optical-UV continuum smoothly increased from its minimum in Obs. 1 to its maximum in Obs. 5 (18 days after Obs. 1) and then gradually decreased returning to almost the level of Obs. 1 towards the end of the XMM-Newton campaign. In Sect. 4.3 we showed that there is a strong model-independent correlation between the optical-UV and soft X-ray flux, whereas there is a lack of correlation between the optical-UV and hard X-ray data (see Figs. 10 and 11) . Similarly, using our broad-band model, Fig. 13 indicates a strong linear correlation between the luminosity of the disc blackbody and that of the Comptonised soft X-ray excess: L soft excess = 0.448 L disc − 1.007, where the luminosities are in units of 10 44 erg s −1 . However, there is no obvious correlation between the luminosity of the disc and that of the X-ray power-law component. The computed Pearson correlation coefficient between the luminosity of the disc and the Comptonised soft excess component is +0.97 (which is statistically significant with p = 10 −5 ), and between the disc and the X-ray powerlaw is +0.09 (which is not significant with p = 0.81). Also the correlation coefficient between the X-ray luminosity of the Comptonised soft excess and the power-law is +0.17 (p = 0.63), which suggests that the fluxes from the two components are not linked over the probed timescales. But there is a significant correlation with coefficient of +0.88 (p = 10 −3 ) between the powerlaw photon index and the disc blackbody luminosity. This behaviour is similar to NGC 7469 (Nandra et al. 2000) in which the UV and hard X-ray fluxes were uncorrelated (like in Mrk 509), but the UV flux and the hard X-ray photon index were correlated. Furthermore, on much larger timescales (few years), Marshall et al. (2008) have found a correlation between optical and RXTE hard X-ray data. In general, correlations between different energy bands depend on the timescales and resolutions of the monitoring observations.
The origin of the soft X-ray excess in Mrk 509
Here we discuss different interpretations for the origin of the soft X-ray excess, and discuss why Comptonisation is the most likely explanation for its presence in Mrk 509.
One of the early explanations for the soft X-ray excess emission in AGN was its identification with the high energy tail of thermal emission from the accretion disc (e.g. Arnaud et al. 1985 , Pounds et al. 1986 ). As shown in Fig 9, it is evident that in the case of Mrk 509 the disc blackbody emission from a geometrically thin, optically thick Shakura-Sunyaev disc, cannot extend to the soft X-ray band. Often it is not possible to measure the peak of the disc emission for AGN as it falls in the EUV gap. The temperature of the disc scales with the mass of the black hole as M −1/4 , and so more massive black holes tend to have lower disc temperatures (see e.g. Peterson 1997 ). The disc blackbody emission for Mrk 509, which has a relatively high black hole mass of 1-3 ×10 8 M ⊙ (see Sect. 6.3) has a low disc temperature, which causes the peak of the big-blue-bump to be in the detection range of the HST/COS.
Another interpretation of the soft X-ray excess in AGN is given by Gierliński & Done (2004) , who suggest it could be an artefact of absorption by a relativistically smeared, partially ionised disc wind. They analysed publicly available XMMNewton EPIC spectra of 26 radio-quiet Palomar-Green (PG) quasars and initially modelled the soft X-ray excess with a Comptonisation component. They found a similar temperature (0.1 to 0.2 keV) for the whole sample, which they claim to be puzzling since the objects in their sample have a large range in mass and luminosity, and hence disc temperature. For this reason they suggest the soft X-ray excess may not be real emission, and propose an alternative solution based on absorption. The relativistically smeared ionised absorption was modelled with xstar (Bautista & Kallman 2001) , convolved with a Gaussian velocity dispersion of ∼ 0.2 c. Gierliński & Done (2004) suggest that the smearing is such that it eliminates the possibility of detecting any absorption lines in the RGS spectrum. The absorption creates a wide dip in the EPIC spectrum around 1 keV which results in an apparent soft excess at lower energies. However, we note that by fitting the soft X-ray excess using Comptonisation, there is inevitably large uncertainty in constraining the parameters of the plasma when using only EPIC data as there is degeneracy in the fitting process. In fact, excluding the optical-UV data we can get a good fit to the EPIC data of Mrk 509 with a range of values for the plasma parameters from T e = 0.2 keV and τ = 18 to T e = 1.0 keV and τ = 6. Therefore, broad-band modelling of simultaneous optical to X-ray data including the peak of the big-blue-bump emission (like performed in this work) is essential to constrain the parameters of the Comptonisation. In most AGN, however, the peak falls in the EUV band where there are no data available, which causes more uncertainty when modelling. The small scatter in the parameters of the plasma found by Gierliński & Done (2004) is likely to be due to the small energy window used for modelling: only using broad-band observations can show the real scatter. Moreover, Gierliński & Done (2004) have strongly constrained their model for all the AGN in their sample by fixing the disc blackbody temperature at 10 eV, the temperature of the hot component at 100 keV and the photon index of the component used to fit the soft X-ray band at 2. These constraints have strong impact on the best-fit results. Furthermore, variability of the soft X-ray excess is crucial in understanding its origin; from our broad-band variability study of Mrk 509, using both EPIC and OM data (together with the HST/COS and FUSE UV measurements), we have found the soft X-ray to be 'real' emission, which varies in a similar fashion to the disc emission.
The soft X-ray excess has also been associated with the relativistically blurred photoionised disc reflection model of Ross & Fabian (2005) . According to this model, the X-ray power-law illuminates a relativistic accretion disc and produces a reflection spectrum which includes a Compton 'hump' at about 30 keV, a strong fluorescent Fe Kα line at 6.4 keV, and a soft Xray excess, composed of many emission lines that are blurred by relativistic motion in the accretion disc. Crummy et al. (2006) have reported that the reflection model makes a better fit to the EPIC-pn spectra of 22 Type-1 PG quasars and 12 Seyfert-1 galaxies than the conventional model of power-law and blackbody. However, no optical-UV data are fitted in Crummy et al. (2006) and so their reflection modelling is not tested at a broadband level. Furthermore, fitting the soft X-ray excess using this reflection model requires fine-tuning of the ionisation parameter and inclination angle of the disc, and almost maximally rotating black holes for all the objects. Done & Nayakshin (2007) have explored further the disc reflection model to check whether it can account for the soft X-ray excess in AGN, using the additional constraint of hydrostatic balance on the structure of the illuminated disc atmosphere. They conclude that reflection from a hydrostatic disc cannot produce the soft X-ray excess, and constant density disc models require fine-tuning and suppression of the intrinsic continuum to produce the largest observed soft excesses.
For the case of Mrk 509, we find that the significantly variable part of the X-ray continuum is the soft excess component, which has strong correlation with the variability of the optical-UV disc emission. The hard X-ray power-law displays smaller variability than the soft excess and seems unconnected to the other components over the probed timescales. The reflection spectrum is produced as a result of the illumination of the disc by the power-law and the blurred reflection component is generally expected to be less variable than the power-law. Thus it is unlikely that in Mrk 509 the observed soft X-ray excess, which varies in a very similar fashion to the disc intrinsic emission, is caused by reflection over the probed timescales. In the forthcoming paper by Petrucci et al. (in prep.) , where the analysis of our Mrk 509 campaign will be extended to higher energy by the use of INTEGRAL data, blurred reflection will be tested in broadband modelling of the combined XMM-Newton and INTEGRAL data sets.
The more likely possibility for the origin of the soft X-ray excess in Mrk 509 is up-scattering of the disc photons in a warm Comptonising corona with lower temperature and higher optical depth than the one responsible for the X-ray power-law (i.e. the hot corona). From broad-band spectral analysis of the Seyfert-1 NGC 5548, Magdziarz et al. (1998) have found that the soft excess requires a separate continuum component which can be fitted by Comptonisation of thermal photons from a cold disc (T max ∼ 3.2 eV), in a warm (∼ 0.3 keV), optically thick (τ ∼ 30) plasma. The authors also find the optical-UV and soft X-ray fluxes in NGC 5548 to be closely correlated. Their results are similar to those found for Mrk 509 in this work. Middleton et al. (2009) and Jin et al. (2009) also report that the soft X-ray excess in the NLS1s RE J1034+396 and RX J0136.9-3510 can be explained as the result of warm Comptonisation of the disc emission. Furthermore, Done & Kubota (2006) have shown that an optically-thick Comptonising corona over the inner regions of the disc in some Black Hole Binaries (BHBs, e.g. XTE J1550-564) can distort a standard disc spectrum to produce a strong, steep tail extending to higher energies (shown in Figs. 4 and 5 of Done & Kubota 2006) ; this is seen in the Very High State of BHBs, when the X-ray spectra show both a strong disc component and a strong high-energy tail (although in this state of BHBs the hard X-ray power-law seems to be usually absent). The highenergy tail in the Very High State of BHBs may be analogous in nature (although the temperature of the Comptonised gas is substantially higher) to the tail of the warm Comptonisation which appears as a soft excess in the X-ray spectra of Seyferts like Mrk 509. Also, Zdziarski et al. (2001) have fitted the spectrum of the BHB GRS 1915+105 in the Gamma-Ray State, by warm Comptonisation of the disc blackbody in a plasma with a temperature of 3.6 keV and an optical depth of 4.4 (see their Fig.  3b ).
Our broad-band variability study of Mrk 509 has shown the existence of a strong link between the disc emission and the soft X-ray excess, suggesting that the disc photons are up-scattered in a warm Comptonising corona close to the inner disc, with a temperature of about 0.2 keV and an optical depth of about 17 (see Table 6 ). The scattered fraction of the original disc photons by the corona is C f [1 − exp(−τ)], where C f is the covering fraction of the corona over the disc and τ is the optical depth of the corona; this estimation neglects any angle dependencies of the seed and scattered photons. For Mrk 509, C f of the warm corona is estimated to be about 0.25. Furthermore, we calculate that the fraction of accretion power dissipated into the warm corona is also about 0.25.
Black hole mass and accretion rate in Mrk 509
From the disc blackbody fits we can estimate the accretion ratė M for Mrk 509 using the normalisation A = R 1/4 . To do this the mass of the black hole is required. Peterson et al. (2004) have calculated the black hole mass M of 35 AGN from previously published broad line reverberation-mapping data: M = f cτ cent σ 2 line /G, where f = 5.5 is the scaling factor, τ cent is the emission line time lag relative to the continuum, characterised by the centroid of the cross correlation function, σ line is the width of the emission line, c the speed of light and G the gravitational constant. For Mrk 509 the black hole mass is reported to be 1.43 × 10 8 M ⊙ . However, here we re-calculate the black hole mass using τ cent as measured by Carone et al. (1996) : this is a paper entirely dedicated to the determination of τ cent for the case of Mrk 509 where τ cent is found to be 80.2 days for the Hβ line. We also use the Hβ line width measured in this work: σ line = FWHM/ √ ln 256 = 1869 km s −1 . Adopting these values we calculate a black hole mass of 3.0 × 10 8 M ⊙ for Mrk 509, which is twice as large as the value reported in Peterson et al. (2004) . So for a Schwarzschild geometry black hole, from the normalisation A and temperature T * , we findṀ has a range of 0.24 to 0.34 M ⊙ y −1 during our XMMNewton campaign. Assuming a reasonable inclination angle i of 30
• to 45
• , we obtain a range of 6.0 to 7.0 R g for the inner-disc radius R in .
Conclusions
In order to study the intrinsic optical-UV and X-ray continuum of the Seyfert-1/QSO hybrid Mrk 509 (using XMM-Newton OM and EPIC-pn, Swift UVOT and XRT, HST/COS and FUSE), we have taken into account various processes occurring in our line of sight towards the central source, such as Galactic reddening and absorption, host galaxy emission, BLR and NLR emission and the AGN multi-phase warm absorption. We conclude that:
1. The optical-UV continuum of Mrk 509 is consistent with thermal emission from a geometrically thin, optically thick cold accretion disc with a maximum disc temperature of about 2 eV. The X-ray continuum can be represented by two distinct components: a power-law with Γ ∼ 1.9 and a soft X-ray excess below 2 keV. 2. We have investigated the variability of the optical-UV and X-ray continuum over the 100 days duration of our monitoring campaign with a resolution of a few days. We have found that the variability of the soft X-ray excess is very similar in profile to that of the optical-UV emission from the disc. The flux variability of the higher energy X-ray power-law component (albeit smaller), on the other hand, is uncorrelated with the variability of the soft X-ray excess and that of the disc emission over the probed timescales. There is however a correlation between the power-law photon index and the disc blackbody flux. 3. We can account for the origin of the soft X-ray excess and its variability by Comptonisation of the disc photons in a warm (about 0.2 keV), optically thick (τ ∼ 17) corona surrounding the inner disc. The X-ray power-law is likely to originate from Comptonisation in a separate optically-thin hot corona, possibly located further out, in the form of an atmosphere surrounding the disc. 4. Explaining the soft X-ray excess using warm Comptonisation has previously been suggested for the Seyfert-1 NGC 5548 and the NLS1s: RE J1034+396 and RX J0136.9-3510. This interpretation is analogous to the inner-disc warm-corona model which explains the existence of the high-energy tail observed in some BHBs spectra in the Very High State. Mrk 509 is the highest mass black hole system known to display such variability and origin for the soft excess. Only variability studies based on multiwavelength monitoring campaigns, such as the one reported in this paper, allow the detailed investigations that can reveal the processes leading to the formation of AGN broad-band spectra.
